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We have performed ab initio calculations within the LDA+U method in the multilayered system
(LaMnO3)2n / (SrMnO3)n. Our results suggest a charge-ordered state that alternates Mn
3+ and
Mn4+ cations in a checkerboard in-plane pattern is developed at the interfacial layer, leading to
a gap opening. Such an interfacial charge-ordered situation would be the energetically favored
reconstruction between LaMnO3 and SrMnO3. This helps understanding the insulating behavior
observed experimentally in these multilayers at intermediate values of n, whose origin is known to
be due to some interfacial mechanism.
Recently focus has been drawn on the in-
triguing metal-insulator transition that occurs in
(LaMnO3)2n / (SrMnO3)n superlattices as a func-
tion of the parameter n controlling the thickness
of each sublayer.[1–4] The interest in this particu-
lar 2n/n multilayer arrangement would be to study
the progress towards the La2/3Sr1/3MnO3 (LSMO)
solid solution that shows a large negative magnetore-
sistance and other interesting physical properties.[5]
Intuitively one could think that for short periods n,
the system would behave in a similar way to the solid
solution: with the standard interfacial roughness on
the order of one unit cell, the system would be sim-
ilar to a solid solution. On the opposite limit, for
large n, one could think of two distinct insulating
blocks formed by each of the constituents: SrMnO3
(SMO) and LaMnO3 (LMO). The intermediate-n
regime where the transition from localized to itin-
erant behavior should occur is not that clear but
many interesting physical phenomena can arise and
the physics at the interface is expected to play a big
role.
SMO[6] is a cubic perovskite formed by Mn4+:d3
cations where the full t2g shell leads to an isotropic
G-type antiferromagnetic (AF) insulating state.
LMO[7] is a distorted A-type antiferromagnet with
a peculiar type of orbital ordering[8] of the only oc-
cupied eg state of the Mn
3+:d4 cations, the system
showing a prononunced Jahn-Teller distortion. If
the interface between these LMO and SMO blocks
in their multilayers were insulating, the whole sys-
tem should then be insulating. However, it is known
that when two perovskite oxides, one La-based and
the other Sr-based are put together along the (001)
direction, like the case studied here, the polar nature
of the interface is prone to show metallicity or other
types of electronic reconstruction.[9, 10]
At small thicknesses, the interface between SMO
and LMO (or between the solid solution and STO)
is polar and hence important reconstructions may
appear. Also, the interfacial Mn atoms have both
La3+ and Sr2+ nearest neighbors, their average va-
lence is hence non-integer Mn3.5+ and that leads to
partially filled bands with the overall system being
metallic. However, experimental evidences in the
(LMO)2n/(SMO)n superlattices show that there is a
critical thickness for metallicity to stop showing up,
at about n= 3. Hence, the large-n limit is insulating
and the small-n limit is metallic. The reason for the
transition has been ascribed to be some kind of inter-
facial disorder leading to carrier localization[1] but
also experiments have shown the key role played by
the interface in the transport properties,[2, 11] where
the different range of effective dopings and charge
transfer through the interface can be dominant.[12]
This type of transition is not unique to the
2n/n multilayers, it also occurs for the nominal
La0.5Sr0.5MnO3 concentration of the equivalent solid
solution (the case of (LMO)n/(SMO)n multilayers),
even though the critical n can vary slightly in that
case, n being larger.[13] Also, it has been shown re-
cently that if a solid solution La2/3Sr1/3MnO3 film
is grown on top of SrTiO3(STO), a similar effect
happens, namely at small thicknesses the system be-
comes insulating,[14] with very similar resistivity vs.
temperature curves as a function of film thickness
to those reported in the multilayered system as a
function of n. But the multilayered structure is not
needed in that case, it all can be explained as an ef-
fect of dimensionality reduction and the correspond-
ing structural changes and octahedral distortions the
manganite undergoes when grown epitaxially in very
thin films on top of STO due to the strain induced
by the substrate.
Motivated by the possible appearance of all these
effects, it is interesting to address the point of what
are the interfacial reconstructions that occur, and
that is the goal of the present Letter. Ab initio calcu-
lations have been performed in the past in this mul-
tilayered system.[15–17] For a small sublayer thick-
ness, the interfacial Mn atoms have an intermediate
average valence and the system as a whole would be
metallic if no additional reconstructions take place.
As the n value is increased, those calculations[16]
show a dip in the DOS appearing but never a gap
opening. None of the mechanisms put forward from
a band structure point of view for the physics at
the interface can get completely full bands for the
interfacial layers.
Here, we propose a different picture for the
physics at the interface to explain why at inter-
mediate film thicknesses, the system can be insu-
lating. Our calculations suggest that the interface
can develop a charge-ordered layer between insulat-
ing bulk-like SMO and LMO and that is the pre-
ferred interfacial reconstruction, leading to an in-
sulating interfacial layer. The average mixed va-
lence of interfacial Mn atoms (typically Mn3.5+)
can order accross the interface to yield a charge-
ordered layer Mn3+/Mn4+ that produces a gap
opening and explains the experimental observa-
tions. This type of ordering occurs at half-filling
in bulk La1−xCaxMnO3[18, 19] compound and the
whole phase diagram of LSMO shows charge-ordered
phases at different compositions.[20] Charge order-
ing (CO) is at the heart of various prominent
metal-insulator transitions in oxides[21] and has
been found in various other perovskite-based ox-
ide interfaces systems, such as LaAlO3/SrTiO3[22]
or LaNiO3/LaAlO3.[23, 24] Also, several of these
mixed-valent manganites show charge-ordered states
in their bulks. However, the strength of the CO state
depends on the structural details.[25] LSMO being
rhombohedral in its bulk state lacks the possibility
for Jahn-Teller distortions required for CO to occur,
but Ref. 14 shows that when grown in thin films
on top of STO, such lattice instabilities are possible
due to the symmetry reduction.
Our electronic structure calculations were per-
formed within density functional theory[26, 27] us-
ing the all-electron, full potential code wien2k[28]
based on the augmented plane wave plus local or-
bitals (APW+lo) basis set.[29] To deal with strong
correlation effects, we apply the LDA+U scheme [30]
that incorporates an on-site Coulomb repulsion U
and Hund’s rule coupling strength JH for the Cr 3d
states. The LDA+U scheme improves over GGA
or LDA in the study of systems containing corre-
FIG. 1. (Color online) Schematic representation of the
(LMO)2n/(SMO)n multilayered system as n increases
from 1 on the left to 2 in the middle and 3 on the right.
A charge-ordered Mn3+/Mn4+ layer appears separating
two insulating LMO and SMO sublayers.
lated electrons by introducing the on-site Coulomb
repulsion U applied to localized electrons. The un-
correlated part of the potential was modelled using
the local density approximation (LDA).[31] We have
performed calculations taking various U values for
Mn, in the range 4-7 eV. The on-site Hund’s ex-
change parameter JH was set to 0.75 eV, values in
the usual range for Mn 3d electrons. We have per-
formed our calculations (unless stated for compar-
isons) fixing the in-plane lattice parameter to that of
SrTiO3, a typical substrate to grow these interfaces
on, which has a reasonable lattice match with SMO.
We have fully relaxed volume (out of plane) and in-
ternal coordinates of the system using the LDA+U
scheme, which allows to relax the Jahn-Teller distor-
tions associated with the d4 electron count in Mn3+
cations. All calculations were fully converged with
respect to all the parameters used. In particular, we
used RmtKmax= 6.0, and muffin-tin radii of 2.19 for
Sr, 2.31 for La, 1.82 a.u. for Mn and 1.61 a.u. for
O.
Figure 1 shows a schematic representation of the
typical structure of the (LMO)2n/(SMO)n superlat-
tices and the main interfacial reconstruction that our
calculations show. The interfacial Mn atoms are sur-
rounded by both La and Sr, hence their average va-
lence is non-integer, Mn3.5+: d3.5, thus it would be
metallic had charge order (or other possible recon-
struction) not taken place. The n= 1 system does
not even develop an SMO-only layer, which is one-
atomic-layer thick for n= 2 (probably comparable
to the standard ionic interdiffusion in this kind of
interfaces) and becomes two-layer thick for n= 3.
It was seen in the past that a gap opening situ-
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FIG. 2. (Color online) Layer-resolved DOS of the Mn
atoms for the n= 2 system without charge order. The
solution is metallic. Only the majority spin channel is
shown, the minority one being fully unoccupied in every
case.
ation cannot be obtained via ab initio calculations.
Ref. 16 has shown that as n increases a dip at the
Fermi energy can be seen but no gap opens up, this
only happens at large n for the non-interfacial layers,
the system being metallic overall. Our calculations
confirm these results: if a charge ordered layer is not
imposed at the interface the system is metallic (even
trying various types of magnetic orderings, which do
not seem crucial - see below - for that sake). This
can be seen in Fig. 2 where the layer-resolved DOS
for a (LMO)4/(SMO)2 multilayer is shown. A solu-
tion without CO leads to a a metallic behavior.
The scenario is different if an interfacial charge-
ordered layer can be formed, separating well-defined
SMO and LMO blocks, both insulating. Such a situ-
ation will lead to a gap opening in the whole system.
In Figs. 3 and 4 we show the layer-resolved DOS
plots for the n= 2 and n= 3 cases, respectively, when
CO is imposed at the interface. That is the ground
state on an LDA+U scheme for the reasonable values
of U from 4 to 7 eV that we have tried. When the in-
ternal coordinates are fully relaxed using LDA+U ,
a charge-ordered solution is lower in energy and a
gap opens at the Fermi level. This ground state can
be stabilized both in an orthorhombic unit cell and
also when the in-plane lattice parameters are fixed
to those of SrTiO3 (independently on the off-plane
volume optimization), as long as the Jahn-Teller dis-
FIG. 3. (Color online) Layer-resolved density of states
of the charge-ordered multilayer system (n= 2). A gap
opens at the Fermi level once charge order is set. For
each layer, two Mn atoms with opposite spins are shown
as positive or negative.
tortion of the Mn3+: d4 cations is permitted. This is
a crucial point, symmetry needs to be low enough to
allow for the distortions that give rise to the peculiar
orbital ordering observed experimentally in LaMnO3
in order to obtain an insulating solution. The Mn-
Mn out-of-plane distances are, once relaxed: 3.84 A˚
for the LMO layer, 3.69 A˚ for the SMO layer and 3.77
A˚ for the interfacial charge ordered layer. These dis-
tances (calculated with LDA+U for U= 5 eV) relax
within one unit cell inside the LMO or SMO layers.
In order to understand and pictorially show the in-
terfacial CO, we plot the unoccupied majority-spin
density (see the right panel of Fig. 4), i.e. the
part of the majority-spin eg spectrum that is un-
occupied for each Mn cation (for Mn3+:t2g
3eg
1 only
one missing eg electron will appear in the plot and
for Mn4+:t2g
3eg
0 two missing eg electrons will ap-
pear). One can distinguish three zones: i) an LMO-
like zone where U together with the local environ-
ment typical of LMO allows for orbital ordering to
occur and the splitting of the eg doublet leads to a
gap opening; this LMO layer (formed by Mn3+: d4
cations) appears with just one electron in the unoc-
cupied part of the spectrum, ii) an SMO-like region
(formed by Mn4+: d3 atoms), with a t32g-e
0
g gap in
the DOS and in the spin-density plot showing two
electrons in the unoccupied part of the spectrum,
and iii) an interfacial layer that is charge ordered
and mixes both types of Mn atoms in a checker-
board fashion. The energy difference with a non-CO
metallic solution is always larger than 100 meV/Mn
(very large in every case analyzed). This interfa-
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FIG. 4. (Color online) Layer-resolved density of states
(left) of the charge-ordered multilayer system (n= 3).
Positive (negative) values indicate majority (minority)
spin. A gap opens at the Fermi level once charge order
is set. On the right, a spin-density plot showing the un-
occupied part of the Mn eg spectrum. A single unoccu-
pied eg band corresponds to Mn
3+: d4 cations, whereas
the combination of two eg orbitals indicates a Mn
4+:d3
ion. The interfacial layer shows Mn3+/Mn4+ alterna-
tion. Different colors represent different spin channels.
cial mechanism could explain why starting at n=
3, these multilayers stop showing any conductivity
coming from the interface.
The situation is similar to the n= 2 case. This
suggests that as soon as an interface can occur with
distinct LMO and SMO layers plus an interfacial
layer, charge order is stable at the interface. Lo-
cally, Mn with an average valence 3.5+ will develop
a checkerboard AF charge-ordered structure. We
have also performed calculations for n= 1 and also
for various (SMO)1/(LMO)m systems, and in every
case the preferred interfacial reconstruction is form-
ing an insulating charge ordered interface. The fact
that an insulating n= 2 case is not observed exper-
imentally could have to do with the standard (at
least) one-unit-cell imperfections in the interface be-
tween the two subsystems. That is why the resistiv-
ity curve does not yet develop an insulating charac-
ter. These imperfections would destroy our picture,
whereas the thickness increases, an interface separat-
ing a well-defined SMO (or LMO) sublayer can be
formed, leading to an insulating charge ordered in-
terface, that according to our calculations is always
stable in the perfectly ordered system.
Figure 4 shows also the type of in-plane checker-
board magnetic ordering imposed. However, as men-
tioned above the kind of magnetic ordering is not
crucial for the gap opening at the interface, because
the calculation shown in Fig. 2 also has the same
magnetic structure and the solution is metallic. It
is CO that matters, and it becomes largely stable.
Magnetism was analyzed in the past[16, 17] with
various types of magnetic couplings being studied,
none of them leading to a gap opening. We have
studied various types of magnetic orderings and the
ground state is stabilized by an A-type AF order-
ing in the LMO sublayers, G-type in the SMO layer
(when thick enough to make it possible) and in-plane
checkerboard AF ordering in the charge ordered in-
terfacial layer.
To summarize, our work suggests a charge-order-
based mechanism for the interfacial reconstruction in
a polar interface between two Mn-based oxides. This
allows to understand why the (LMO)2n/(SMO)n
multilayered system becomes insulating for n= 3 be-
cause the nominally mixed valent interface becomes
charge ordered and a gap appears around the Fermi
level.
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